Introduction
As an important trace element in humans, lead (Pb 2+ ) is closely related to human health and safety, and the high toxicity of lead is well recognized in environmental chemistry. 1 Because lead has a tendency to accumulate and has a low rate of clearance, the concentrations of lead in public water supply wells have reached unacceptable levels in many parts of the world. 2 The determination of lead levels is an essential step in water quality monitoring, and field-based analysis is important for this monitoring.
Currently, inductively coupled plasma-mass spectrometry (ICP-MS), 3 atomic absorption spectrophotometry (AAS), 4 and neutron activation analysis (NAA) 5 are used mainly under highly controlled laboratory conditions to measure lead in practical applications. However, these methods are expensive and require long analysis times, which are not suitable for in situ environmental screening analysis. 6 Alternatively, anodic stripping voltammetry (ASV) is commonly employed to detect Pb 2+ , which can be accumulated onto the electrode surface and stripped off voltammetrically or chronopotentiometrically. [7] [8] [9] [10] ASV possesses a low detection limit, a wide measurement range, and the capability for multi-ion analysis; ASV has been conducted for heavy metal measurements on various working electrodes and sensors and has shown great potential for practical applications. [11] [12] [13] Although a traditional glassy carbon electrode coated with Hg film shows good selectivity, stability and sensitivity for lead determination, such analysis requires a relatively large sample volume in special electrolytic cells. Furthermore, future regulations may severely restrict the use of Hg as a modified material because of its unavoidable toxicity. Alternative electrode materials, such as carbon-based, 8 composite materials, 14, 15 boron-doped diamond 6 ,10 or bi-modified electrodes, [16] [17] [18] have been explored, but both the low potential limit and sensitivity of the anode make these materials undesirable as reusable sensors because some heavy metals fuse with these electrode materials. 2 In particular, when bismuth film electrodes were applied for in situ monitoring, interference from naturally occurring water easily led to irreproducible measurements at pH levels above 4.0. 19 Furthermore, decoration of sensors may also become contaminated due to the production of dissolved organic matter that adsorbs to the electrode surface in natural environments. 20 Given the ease of mass production, disposable sensors present a good option for in situ sample analysis to avoid contamination. Among the techniques used to develop sensors, electrochemical stripping analysis coupled with a screen-printed electrode (SPE) is considered an advantageous technique because of its user-friendly characteristics, such as simplicity, high responsiveness, and good repeatability. [21] [22] [23] With a high-quality printing slurry and appropriate fabrication techniques, well-developed screen-printed sensors without chemical modification can provide a Hg-free analytical system for lead measurement directly. In addition, the integrated sensor can be reusable via convenient recalibration steps while avoiding contamination and sample carryover. Another significant advantage for this method is that only a small amount of sample volume (approximately 100 μL) is required to complete the analysis of the natural samples, and the amperometric stripping analysis can be conducted either with or without a complex flow injection system according to the practical needs of the testing environment. This property is beneficial for the analysis of special samples, such as sweat, tears, other biological secretions and solid extractions. A novel electrochemical assay for lead (Pb 2+ ) detection was developed in this study, involving the use of screen-printed electrodes (SPEs). The sensor was used with selected supporting electrolytes in conjunction with square wave anodic stripping voltammetry (ASV) to study the redox characteristics of lead. Good response currents were obtained using a supporting electrolyte comprising acetate buffer pH 5.0 with 0.5 mol L -1 NH4Cl. Without a deposition process, the anodic peaks for higher lead concentrations (ranging from 0.7 to 10 mg L -1 ) were sharp and symmetrical on the bare electrode surface. Optimal ASV conditions were obtained with a well-defined stripping peak for 200 μL deposition solution volumes, a deposition potential of -1.2 V for Ag/AgCl, and a deposition time of either 300 or 400 s. Under optimal conditions, a calibration curve ranging from 6.25 to 500 μg L -1 was obtained for lead determination. Furthermore, the performance of a Hg-free sensor for Pb 2+ determination was compared with that of a Hg-coated electrode, and the detection limits were approximately 0.9 -1.5 μg L To construct an efficient stripping procedure, basic electrochemical and processing parameters were systematically optimized to increase the detecting current signal for Pb 2+ determination. To test the chemical and electrical properties across the SPE surface, Hg-modified SPE were also included with the same measurement procedures for comparison. The determination method for lead was designed for in situ studies.
Determination of Lead by

Experimental
Chemicals and reagents
Ammonium chloride with a purity of 99.999% was purchased from Alfa Aesar (a Johnson Matthey Co.). Lead chloride, mercuric chloride, potassium chloride, potassium nitrate, copper dichloride, calcium chloride, magnesium chloride, zinc chloride, and manganese chloride were of ≥ 99.5% purity and were purchased from Sinopharm Chemical Reagent Co., Ltd.
Acetate buffer solution (0.1 mol L -1 ) was prepared from 99.5% ammonium acetate, and acetic acid and aqueous ammonia were used to adjust the pH. Carbon ink (SC-1010), silver ink (EA-1854), insulating ink (UG-360) and polyethylene terephthalate (PET, 125 μm thick) were purchased from Advanced Electronic Materials Inc., Tainan, China. All other reagents used in this study were of analytical or higher grade, and aqueous solutions were prepared with doubly distilled deionized water.
Apparatus
All voltammetric experiments were performed on a CHI440A electrochemical workstation (Chenhua Instrumental Co., Shanghai, China). A semiautomatic screen-printer (Tingxuan Co., Shanghai, China) was employed for fabrication of the thin-layer electrode strip. A pH meter (BW17-2602, Beijing Baiwan Electronic Science and Technology Center, Beijing, China) with an accuracy of two decimal places was used for pH calibration. The design and dimensions of these SPEs were described in detail in an earlier publication 26 and it should be stressed that, in this paper, the diameter of the working electrode was increased to 5 mm for a higher response current. The screen-printed strip with three electrodes was inexpensive and stable enough for batch production. Figure 1 shows the final product after delicate schematic design and a special fabrication procedure.
Hg-coated electrode
The Hg-coated electrode was formed by electrodepositing the metal onto a screen-printed circular working electrode. First, the circular working electrode and annular auxiliary electrode were polished smooth under clean conditions. Then, the electrode surface was rinsed in water using an ultrasonic cleaner and air-dried. In particular, the scattered silver ions on the electrode surface were removed through repeated linear sweep voltammetry. Prior to measurement, Hg was deposited from a 200 mg L -1 Hg 2+ solution. The other main experimental parameters were as follows: the deposition potential was -1.1 V, and the deposition time was 60 s. Linear sweep voltammetry from -1.1 to -0.2 V was utilized for the second round deposition with a quiet time of 5 s and scanning speed of 0.1 V s -1 . This process was repeated 4 times for Hg film preparation. Hg films were prepared using the same procedure for each measurement and after each measurement and were removed from the electrode by electrochemical scrubbing based on amperometric i-t curve scanning.
Experimental design
To obtain the most appropriate stripping peak current for quantitative lead determination, serial trials were carried out under different experimental conditions by varying the supporting electrolyte, pH, number of samples, initial deposition potential and deposition time. Measurements were performed by immersing the three integrated electrodes in a mixed 0.1 mol L -1 acetate buffer solution containing different concentrations of Pb 2+ solution but with identical reagent consumption. Electrodeposition was conducted under steady stirring conditions. The amperometric i-t curve was investigated with an accumulation potential ranging from -0.8 to -1.3 V and an accumulation time ranging from 100 to 800 s. Subsequently, a square wave voltammetry waveform was applied to investigate the lead oxidation current of the deposited solution on the specially fabricated sensor surface. The voltage was scanned from -1.6 to 0.5 V using a step potential of 0.3 mV, an amplitude of 60 mV, a frequency of 25 Hz and a sweep rate of 0.1 V s -1 . The background peak current associated with lead was also recorded with the same detection parameters. For comparison, the same spiked samples were also analyzed using a Hg film electrode under identical experimental conditions.
After each measurement, the SPE strip was washed several times with deionized water. The silver and lead that had been deposited on the electrode surface were removed by electrochemical scrubbing based on linear sweep voltammetry (scanning from -0.6 to 1.6 V). The solutions were washed away after each scan, and the process was repeated until the peak current for silver and lead decreased to a negligible level. In addition, the influence of potentially interfering compounds, such as Cu 2+ , Mn 2+ , Mg 2+ , Zn 2+ and Ca 2+ , was also studied. Before conducting the assay, concentrations of 500 and 50 μg L -1 of the metal ions listed above were added to carrier solutions of 50 μg L -1 Pb 2+ . All measurements were performed at 25 C and without removing oxygen from the solution. carbon inks layer, silver inks layer, insulating inks layer, polyethylene terephthalate (PET) support, 125 μm thick, auxiliary electrode, ion deposition area, working electrode, reference electrode. Diameter of the working electrode and the auxiliary electrode are 5 and 10 mm, respectively.
Results and Discussion
Electrochemical behavior of Pb 2+ on the sensor surface Square wave voltammetry, which offered a higher response than both linear sweep and differential pulse voltammetry, was used to record the redox characteristics of lead in various supporting electrolytes with various pH values at bare SPEs. 23 With an acetate buffer solution to maintain a stable pH, a 150-μL mixed solution containing 10 mg L -1 Pb 2+ and 0.5 mol L -1 supporting electrolyte was selected to investigate the amperometric behavior. The response currents obtained in different buffers of KCl, KNO3 and NH4Cl are shown in Fig. 2 . In Fig. 2 , the peak current, which serves as a pre-requisite of the sensitive method, is shown for all the investigated experimental conditions. The three supporting electrolytes exhibited similar convex curves in the designed pH range, and the largest response was obtained at pH 5.0 with an excellent peak shape (one sample peak shape is shown in the figure). Thus, the buffer acidity in the solution was of great importance, and pH 5.0, which provided a more suitable environment for movement of ions in the scanning process, could provide high sensitivity of the electrode for general detection. As chemical precipitation is generated when Pb 2+ is put in an alkaline environment, pH 4.5 23,27 and pH 5.0 28 had been selected in earlier studies for lead determination by square wave ASV. These studies all revealed suitable deposition conditions for lead. Although the current varied with the pH, ammonium chloride definitely performed better than potassium chloride or potassium nitrate. This phenomenon explained that chloride ions reduce the bond strength between metal adatoms and the substrate. 23 In addition, ammonium chloride clearly showed greater ionization and served as a better electron transfer media than potassium chloride. Therefore, it was suggested that ammonium chloride offers the best sensitivity and reproducibility in the development of an ASV procedure for the target lead ion.
The effect of NH4Cl concentration on the oxidation peak of lead was investigated in subsequent studies, and the results obtained using the same amount of buffer solution and Pb 2+ -NH4Cl solution as before are shown in Fig. 3 . The peak current and peak potential for Pb 2+ increased with increasing NH4Cl concentrations. The currents and potentials corresponding to various concentrations changed dramatically with evident first-order reaction kinetics when the NH4Cl concentration was less than 0.5 mol L -1 . However, when the concentration was greater than 0.5 mol L -1 , a small trend appeared, although the substrate content grew. The improvement for the current peak could be easily explained by the increase in supporting electrolytes in the solution that could accelerate the mass transfer rate in the liquid medium, which is proportional to the magnitude of the current in electron transfer kinetics. To rationalize the variation in the potential curve, the peak current formation process should be considered. A voltammetric peak usually formed rapidly at the same position under the same conditions. The peak is due to a combination of the electron transfer rate of the diffusion layer and the mass transfer rate of the reactant in the solution near the electrode surface. As the voltage was swept further to higher values (to more oxidative values), the electron transfer rate above the electrode increased, and the reactant flux was not fast enough to satisfy the increased transfer rate. In such a situation, the current begins to drop, and a peak occurs. Thus, the mass transfer rate of the reactant was a limiting factor in the process. Under conditions of insufficient supporting electrolytes, the flux of reactant in the solution was relatively low, and the equality of the electron and mass transfer rates occurred at a lower potential earlier during the square wave scanning, thereby shifting the position of the current maximum. 29 Increasing the concentration of supporting electrolytes in the buffer would draw more interference or impurities into the trace level detections because high-purity chemical materials still contain foreign substances. Consequently, we surmised that a supporting electrolyte comprising acetate buffer of pH 5.0 with 0.5 mol L -1 NH4Cl would produce well-defined current peaks in the proposed assay.
After optimization of the supporting electrolyte and the appropriate pH conditions, the response currents for various Pb 2+ concentrations were investigated using the square wave voltammetry parameters listed above. As shown in Fig. 4 , sharp and symmetrical oxidation peaks around a voltage of -0.6 V were obtained on the SPE surface under current experimental conditions. The sharper and better-defined stripping peaks of lead were expected at higher Pb 2+ concentrations compared to the lower concentrations in nondeposition detections, which were not useable for analysis at concentrations lower than 0.7 mg L -1 . The stripping peak of low lead concentrations was omitted when the curve coincided with the baseline. This overlap indicated that the sensor response capability for lead was limited prior to enrichment via Pb 2+ deposition on the surface. However, at higher lead concentrations, the linear regression analysis data for the calibration plot showed that there was a good linear relationship with R 2 = 0.999 between the response and concentration in the range of 0.7 to 10 mg L -1 . The linear regression equation was y = 0.531x + 0.009. Therefore, the screen-printed sensor showed satisfactory performance over a proper experimental control and was qualified for further Pb 2+ deposition analysis.
Optimization of ASV conditions
During the optimization studies for Pb 2+ deposition, the first parameter considered was the sample capacity. Solutions with different volumes were used to investigate their suitability for quantitative applications of the developed sensor.
The amperometric behavior of Pb 2+ in different solution volumes is shown in Fig. 5 . Generally, greater solution volumes were expected to give a higher current peak response while the area in working electrode could still accommodate more electron transfer because in that condition more lead ions were deposited. However, when the solution volume was greater than 250 μL, the liquid was more liable to overflow on the sensor surface, which also produced a manipulation problem for solution mixing. A solution volume of 200 μL gave the most favorable and stable performance.
The effect of the deposition potential on the magnitude of the ASV peak current was studied using a solution containing 0.5 mg L -1 Pb 2+ in 0.5 mol L -1 NH4Cl and 0.1 mol L -1 acetate buffer at pH 5.0. The data were acquired with a deposition time of 400 s. As seen in Fig. 6 , Pb 2+ deposition occurred across a settled potential range of -0.8 to -1.3 V. With a reduced deposition potential, the peak currents initially increased quickly and then followed a gentle decreasing trend, while the peak potential showed no obvious difference. Lower potential in the experiment meant strong reduction ability, which would also cause deposition of other ions for natural samples. 4 To avoid interference, a deposition potential of -1.2 V was selected for further studies because it showed better current response and stability. Similarly, Ion et al. 25 also used a deposition potential of -1.2 V in fabricated electrodes for the preconcentration of lead. However, Jung et al.
2 selected -0.75 V as the deposition potential; with a deposition time of 300 s, the potential provided high linearity over the large dynamic range in the polymer lab chip sensor. The large difference in the deposition potential was related to the different manufacturing technology used to fabricate the sensor. Furthermore, a solution containing 0.01 mol L -1 HNO3 and 0.01 mol L -1 KCl may provide a more acidic environment, which had a significant effect on the lead peak potential. 30 In addition, Armstrong et al. 31 used a deposition potential of -1.4 V in fabricated electrodes for the simultaneous preconcentration of lead, cadmium, and zinc, followed by a square wave voltammetric stripping scan. The calibration plots for lead were obtained in the 10 -100 μg L -1 range, with a detection limit of 93 ng L -1 for Pb
2+
. A sedimentation potential of -1.2 V provided the possibility of an assay for determination of diverse, coexisting heavy metals.
Using the experimental conditions stated above, the effect of deposition time on the magnitude of the ASV peak current was examined. Figure 7 showes a series of ASV peak currents obtained at different deposition times with a fixed deposition voltage of -1.2 V. From Fig. 7 , it can been seen that the magnitude of the peak current increased over time and that a maximum peak current was achieved at 600 s; when the deposition time was greater than 600 s, a lower peak current was obtained. At the investigated deposition times, no significant changes were observed for the peak potential because all the values were around -0.6 V. Consequently, the optimized procedure proved to be appropriate for the deposition time range. One explanation for the appearance of a more negative peak after 600 s was that particles in the solution could be adsorbed near the deposition area or that other interfering ions were co-deposited with lead in the long deposition time. Another explanation may involve the formation of a more compact Pb 0 film on the surface of the carbon electrode; 23,32 the previously found plateau trend for peak current agreed well with our study. 23, 34 Accordingly, the electrodes should require higher energy for oxidation to occur. Meanwhile, the small amount of oxygen dissolved in the solution would also affect the deposition as oxygen may be deoxidized in such a lower potential. As the detections were performed in the presence of oxygen, it was recommended that further specific calibration curve should be established based on specific water properties. To meet the needs of in situ rapid determination and avoid interference from other ions, preconcentration times of 300 and 400 s were chosen for further routine analysis, which were long enough to obtain a significant response. Accumulation times in the range 40 -600 s were also studied for a solution containing 25 μg L -1 Pb 2+ in 0.1 mol L -1 acetate buffer on a Nafion-coated bismuth film electrode. 33 The peak heights showed a linear increase before 420 s, whereas at longer deposition times, the plots of peak height versus time started to deviate from linearity. Laschi et al. 34 fabricated a novel gold-based screen-printed sensor using accumulation times varying from 0 to 420 s that evaluated the influence of the lead stripping peak current intensities. The peak current increased with longer accumulation times, whereas a plateau was reached after 300 s. However, a large error bar appeared for time values in the range of 160 -300 s. In comparison, the sensor obtained in this study provided stable values at higher deposition times, and the response current values were more than 10 times that reported by Laschi et al. 34 
Calibration comparison of the Hg SPE and the bare electrode
A calibration study was conducted using Pb 2+ standards prepared in 0.5 mol L -1 NH4Cl and 0.1 mol L -1 acetate buffer at pH 5.0. Calibration curves of Pb 2+ within the range of 6.25 to 500 μg L -1 were obtained under optimized conditions and are shown in Fig. 8 . Multiple measurements (10 times for each) were taken for a lead concentration of 50 μg L -1 on the same and different SPEs; we observed that the repeatability was 100 ± 8.8% (RSD, 8.9%) and that the reproducibility was 100 ± 9.6% (RSD, 9.3%). As seen from Figs. 8a and 8b, the peak values of various Pb 2+ standards showed significant discrimination for all experimental settings. A wider response current range was acquired for the 400 s deposition time than at 300 s. The detection limits calculated as the noise multiplied by a factor of three for the 400 and 300 s deposition times were 1.36 and 1.45 μg L -1 , respectively. When using Hg-coated electrodes, the detection limits were 0.96 and 0.94 μg L -1 , respectively. Based on the data in Fig. 8 , optimal deposition time seemed to differ according to the lead concentration in the solution, so proper electrode for samples with various concentrations of lead should be chosen. The peak values from the sensors with Hg film were slightly more positive than the bare sensors, whereas the latter had relatively higher background values at low concentrations. This result was a sign that the developed Hg-free sensor demonstrated similar desirable properties as the Hg-coated sensor in terms of sensitivity, reproducibility and stability for lead determination.
Palchetti et al. 35 developed an integrated screen-printed sensor, and the graphite working electrode was modified with a cellulose-derivative Hg coating. Using a supporting electrolyte of 0.1 mol L -1 HCl, the electrode was conditioned before use by applying a voltage of -1.1 V for 300 s. Under these conditions, calibration curves in the range of 10 -1000 μg L -1 were obtained, and the detection limit for lead was 0.3 μg L -1 . With good stability and reproducibility, the sensor could also be used as a disposable sensor and as a reusable sensor after a similar , Peak current; , peak potential. electrochemical cleaning step. All these advantages were associated with SPE-based sensors. The difference was that, although toxic Hg was precoated beforehand in the lab, Hg could not be avoided during the lead analysis. Moreover, the measurements reported by Palchetti et al. 35 were performed by immersing the sensor in 2.0 ml of solution, whereas 0.2 ml of solution was sufficient for all measurements in this study. The latter case was less noxious and more suitable for field-based testing.
Guzsvány et al. 36 elaborated a method of applying an antimony-film modified electrode in sequential-injection analysis for Pb 2+ determination by ASV. The authors found that with the optimized detection conditions, antimony-film deposition on glassy carbon substrate yielded good reproducibility, and the detection limit for lead was 1.2 μg L -1 . In this study, a much lower potential of -1.5 V for deposition was used, and the detection range of 4.0 -100 μg L -1 had an excellent correlation coefficient. Thus, the electrode with modified film was environment-friendly and sensitive; however, the integrated SPE sensor obtained in this study offered a wider detection range and required a smaller sample volume for the assay.
Determination of lead in gasoline samples was conducted by Trindade et al. 37 In their work, a microwave-assisted gasoline digestion procedure for sample preparation was established, and the determination limit was found to be 0.13 μg L -1 for Pb 2+ . Because the operation was convenient and the data obtained was reliable, ASV analysis with the SPE sensor could be employed as a routine tool for metal ion determination in gasoline. Nafion-coated bismuth film electrode was also reported for lead determination by differential pulse ASV, and the electrode was investigated for heavy metal analysis in vegetable samples. 33 Under appropriate conditions, a determination limit of 0.17 μg L -1 was obtained for Pb at a preconcentration time of 180 s and a deposition potential of -1.4 V; the glassy carbon electrode coated with low-toxicity bismuth provided another successful potential application. 33 With the advantages of using a modified electrode, the screen-printed chip with a convenient operating procedure required only a small sample volume for lead analysis and was very suitable for field testing.
Impact of the interfering ion
Various types of cations exist in natural water sources, and several metal cations involved in the determination of Pb 2+ 38 may trigger an interference effect on the results. Thus, Cu , Zn 2+ and Ca 2+ were selected as interfering ions independently in the square wave ASV assay, and the results are reported in Table 1 . All the data were acquired under optimal conditions using a deposition time of 400 s on the surface of Hg-free electrode. From Table 1 it can be observed that the presence of Cu 2+ , Zn 2+ and Ca 2+ in the solutions did not significantly interfere with Pb 2+ determination, and their influence was negligible. The presence of Mg 2+ at concentrations of 50 and 500 μg L -1 increased the lead response by 4.8 and 9.5%, respectively, owing to the similar stripping potential of the two ions. The presence of Mn 2+ in the solution reduced the lead peak currents significantly, likely because the formation of deposited manganese impeded the stripping of lead directly. However, further study revealed that Mn 2+ at concentrations of 40 and 20 μg L -1 produced variations of 18.9 and 6.9%, respectively. Hence, the interference of manganese could be ignored when its concentration was below 20 μg L -1 . Because this cation interference appeared at much lower concentrations in natural or drinking waters, cations were not accounted for in the lead determination for typical samples. However, for polluted water samples, such as those containing Mn 2+ , necessary chemical shielding measures should be performed to diminish the influence of interfering ions.
Recovery and analytical application
To evaluate the performance of the sensor, replicate experiments were carried out using spiked water samples from an artificial lake in Nanhaizi Park in Beijing using a standard addition method. A membrane of 0.22 μm was used for the sample filtration treatment. A parallel test was performed to detect a solution containing 400 μg L -1 Pb 2+ on six stochastic screen-printed electrodes, and the RSD of the response value was 3.03%. The spiked Pb 2+ solution with a concentration of 50 μg L -1 was measured five times; the obtained recoveries and RSD were 93.2 and 3.50%, respectively. Mecury deposition; , mecury-free deposition.
Conclusions
In summary, a low-cost screen-printed electrochemical sensor was presented as a simple strategy to quantitatively screen the amount of Pb 2+ in water samples. This sensor offers the possibility of using small sample volumes without conventional time-consuming pretreatment. It was observed from optimization experiments that ASV analysis with a deposition volume of 200 μL, a deposition potential of -1.2 V, a deposition time of either 300 or 400 s and proper detection parameters give reliable performance. The detection limits obtained for this sensor were in the range of 0.9 -1.5 μg L -1 . Moreover, the proposed sensor can be explored as a disposable system, which would provide a promising tool for field analysis, and can be employed as a reusable system after proper electrochemical treatment. Future studies will focus on the development of a sensor for simultaneous determination of multiple heavy metal ions in potable water, soil extract, biological products from metabolism and in other environmental samples. 
